-/

JE WA E )G9/ oyl wUG,

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE

No. 1391

ICING PROPERTIES OF NONCYCLONIC
WINTER STRATUS CLOUDS
By William Lewis, U. S. Weather Bureau

Ames Aeronautical Laboratory
Moffett Field, Calif.

~EE

Washington
September 1947

BUSINESS, SCIENCE
& TECHNZLOGY CEP'T.

&
CORERTY GRS



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1391

ICING PROPERTIES OF NONCYCLONIC
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By Willlem Tewls, U.S. Weather Bureau®
SUMMARY . “

. ?%asurements of the vertical d*stribution of liquid water
concentration and drop size have been made 1ln winter stratus
clouds in the absence of significant cyclonic or frontal
activity, The observations indicate that the clouds are
formed by turbulent mixing of the lower layers of the atmos=-
phere, resulting in a reglon of constant specific ‘humidity and
adlabatic lapse rateq. Calculations based on these character-
istics. were used to construct a graph which glves the liquid
water concentration in terms of the temperature at the cloud
base and the height above the base In clouds from which no
snow was falllng, the measured values were in good agreement
with those -given by the graph. Snowfall wag found to deplete
the liquid water content especially in the lower Dart of the
cloud layer, causing dissipation of the cloud from the base
upwards.

The technique used for measuring drop sizes glves only
the maximum size present and hence only miniwmum values for the
number of drovs. The results obtained are consistent with the
theory that the number of drons per unit volume 1is constant ,
within the cloud and the size dlstribution is more uniform in
the upper layers.

Reasonable assumptions concerning maximum cloud thickness
lead to the conclusion that the liquid water concentration at
temperatures below freezing in noncyclonio stratus will not
exceed 1,5 grams per cublc meter.

1This revort was prepared by Mr, Iewls 1n collaboration with
the staff of the Ames Laborastory during a period of active
particlpation by Mr, Lewls in the NACA iclng research
programe ,




2 ; | .. TNACA TN No. 1391

IN’IRODUCm ON

In order to establigh a~rationsl basis for the efficlent

ge igq of thermal ice~prevention systems for airplanes, the

¢ Aeronautical Laboratory- of the National Advisory Committe
ercnauvticg has unébrtaken en experimentel investigation
Ol the meteorological conditions conducive %to tThe formatlion of
ice on sircraft. A “—&6 aiﬁb?ane has been equinned to measure
free water, air temnerature, and drop size in clouds. The
results of tne free-water nc temrerature measurements made
during the 19L&-Lii eeason have be en reﬁOMEed in reference 1,

The »rincinal physical I ctorv determining lcing
conditions are temperature, liquid water concentratlon, and
drop size.. The meteorolog 1c?l conGitions of icing involve the
distribution »f these “hysioﬂl varieblee within clouds and
-precinitation of wvarlous tynes in various sgynontlc weather
situations. Thie redort nresente results of obeervationg of
the distribution of licuild water concentration and dron gize
in winter stretus clouds in the abgence of eignificant frontal
or cyclonic activity. The observations wevm made near
Minneap»olis, lfinn., in Movember .and Decerber, 1gul,

APPARATUS AND METHOD

Alr Temwera and fvgﬁ'vqucr concentration were measured
essentially by T e qame methodes diecuseed by Hardy in refer-
encc 1le Tﬂo remarke contained thercin apply equally to the
raegent inw stigation sexcept that the dew—point meter has

becn moailled to function as an aubometic instrument. The
method consigsted of meassuring the cew point of a sample of
2ir which had been heated enough Tto ev aporafe all the free
watere. The differcnce bet?ekn thig dew point and the freeg-
alr Tenperature as M€ cured with a mercury-in-glags tThernoiw-
eter, corrected -for ¥ inech heatinz due to the speed of the
ailrplane, wag uged %to calculate the free waber concentration.

~ Drop sizes were mesgured by meansg of a cylinder walch
wag covered with bluenrint paper and extended for a few
seconds into the air stresm with its axlis normal to the
direction of motion. A L*incﬂvéiamete" cylinder was chosen
gince it can be used to measure drop diameters from &.to 35
microns at speede from 120 To EOO mi]eq wer hour. The blue-
print paper was exposed to light just »rior to use to make 1%
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gsensgitive to emall amounts of moisture. The impingement of
drops on the cylinder caused wetting of a strip along the winde
ward side which was identified by a change of color of the
blueprint paper. According to the theory of the movement of
drovs around a cylinder as developed by Glauert (reference 2),
the width of the area of impingement of drops is a function of
the airspeed, the drop size, and the diameter of the cylinder.
Data from Glauert's paper, corrected for deviations from
Stokeg! law, were uged to draw a set of curves which give the
drop diameter directly from the width of the area of impinge-
ment and the airspeed. These curves determine the dizmeter
with an accuracy of about #£2 percent; however, it must be kept
in mind that thege reeults contain any errors that may be
present in Glauert's data. This method gives only the size of
the largest drops that are »regsent in quffcheau quantlty to
affect the blueprint never and tells nothing directly about
the gize distribufion.

The quantity used in this report to represent drop size isg
the mass of one drop times 10% This quantity, which is
deegignated Wigpo, represents the liquid water concentration
in grems per cublc meter of a cloud having 100 such drops per
cubic centimeter. If the drong are all the same gize, the
number of drops ver cubic centimeter ie obtained by dlviﬂlng
the measured 1iquid water by ™Wipo. I Tthe size dlistribution
is not uniform, the calculated number of drops will be too
gmall.

The data were collected by flying the airplane in a circle
at constant rate of climb from a point in the clear air below
the cloud {(when nossible) to a point sbove the cloud top.
Readings of all instrumente were taken frequently ourlag the

climb and the resulting values were plotted against altitude.
Similar readings were mede in descent throuqh the cloud layer.

METEOROLOGICAL DISCUSSION

The temperature and dew-point curves obteained as ore~
viously outlined support the view that these stratus clouds
are formed at the top of the surface turbulence layer at 2000
to 4000 feet above the ground ag a regsult of the downward eddy
flux of heat and upward flux of moisture. Once condensation
haeg begun, radiation from the upvner surface of the clouds pro--
vides additlonal cooling, which causeg The cloud layer to
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incresse in thickness ond intensifies the vertical nixing
which maintains adiabatic lapee rates from the ground to the
top of the cloud. The radiational cooling cf the cloud layer

inversion at the cloud top which establlishes gn upper 1imit %o
the turbulent and convective mixing and thus wrevents loss of
molsture to the drier layers eloft. The sbtructure of thils
noncyclonle winter stratus is very similar to that of the
summer stratus of the Pacific end Gulf coasts.

Since the moiet layer is charscterized by nearly complete
adliabatlec mixing, 1t follows that the liquid water concen-
tration at any »noint in the c¢loud may be calculated by
considering an alr varcel 1ifted adliabatically from the conden—
gatlon level. The free vater is found by Taking the change in
gsaturation mixing ratio, which represents the amount of '
condenged water in gramg per kilogram of dry alr and can be
read from a pseudoadiabatic chart, and multinliylng it by the
number of Zilogrames of dry air ver cublic meter of gaturated
alr %o obtaln the liquid vater concentration in grams per cubilc
meter. The resulte of such calculations when the condensatlon
pressure is taken as 980 millibars (9U8 ft, presesure altitude)
are presented in figure 1. A similar chart (fig. 2) was
prepared for a condensation pregsure of 850 millibars
(L7280 £'t, preseure sltitude). The two charts give the same
values for liquid water concentration to within 0.1 gram per
cubic meter for all values of condensstion %emperature below
Treezing and cloud thickness legs than L0CO feet, Thig shows
Tthat the actual elevation of the cloud bage, or condensation
level, is of little importance and the significant factors
are the temperature at the cloud base and the height above
the cloud base. :

‘According to the generally sccepted theory of atmogpheric
condensation as presented by Petterssen (reference !) and
Simpson (reference 5), the number of drops ver unit volume in
a cloud is determined by the number andé gize disgtribution of
the hygroscopic nuclel present and the rate of cooling at the
Time of condensation. If cooling is very selov, only slight
supersaturation will occur and only the largest nuclei will
become effective as centerg of condensation, while more rapild
cooling produces a higher degree of sudnergsfuration and a
larger number of nuclel become active. As cooling continues,
the number of drops remaine consbtant vhille the liquid water
concentration and drop size increase together, Calculations
made by Petterssen (reference ) using an equation develoned
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by Houghton show that ae the drops grow the size becomes more
uniform. Thesge facts suggest, therefore, that the use of the
cylinder method in the 5etermination of dron size will produce
data which are a good approximation of the average drop size
at the cloud top, bub which indicate drop sizes considerably
larger than the sverage near the base of the cloud. ' This
regulte in velues of N the number of dropes ver cublc centi-
neter, which are apoprox irately correct in the top of the cloud
and too small in the lower portions. Agsuming that the actual
number of drops ner unit volume 1s constant throughout the
cloud, the value of N calculated for the unper wart may be
used with the measured vqlaes of liquid water content for the
entire layer to obtain a good approximation of the average
drop size.

RESULTS AND DISCUSSICN

Representative temvwerature, dew point, ligquld water, and
drop-gize data ag obtained durlnv four flights through non-
cyclonic stratus clouds are precented in figure 3. The values
of W100 obteained from indlividusl observabtlons have been
plotted and are represented by a faired curve. Aleo presented
in Tigure 3 are the droplet dlameters in microns and values
of N, Dboth of which have been computed from the faired curve

of W100° and the averase drop diameter as calculated on the
assumption that the value of N meacured at the top of the
cioud ig the true value Tor the entire cloud layer.

During flight 126 (fig. 3(a)), the cloud base was very
indefinite and the lapse rate in that vicinity was less Than
The aliabatic, indicating incomplete mixing. The velues of
liquid water concentration, determined from figure 1, were
lower than the measured valuesg near the +OU of the cloud and
higher near the base. The 6ifferonces, hovever, are not larger
than the uncvmtplnt" of measurement. The _ncwease of N from
the base to Tthe ton of the cloud layer may be internreted
elther as a real increase in number of drops or 2 more homo-
geneoug size distribubion in the cloud tor. The data are not
inconsistent with the drop-size theory gilven above but do not
give positive nroof of 1t8 correctness.,

The cloud base was not reached on flight 127 (fig. 3(b))
as it wag below the lowver limit cf safe flight altitude, Dbut
1t was aporoximately determined from surface reports ag at
about 1200 feet altitude. Thig gives a total cloud thickness
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of about 1000 feet and a celculated maximum liquid water
concentration of 0.39 grams ver cubic meter as compared with
0.43 as measured with the dew-point instrument. In this
flight the data indicate a nearlv uniform number of 4drops
but data are avallable only for the upper half of the c¢loud.

o The air~temperature and dew-point values were much lower
(10° F to 20° F) on flight 123 (fig. Z(c)) than on the previ-
ougly discusgeed fligqts. At these temperatures it isg likely
that the depogit on the mirror of the dew-point instrument was
compoged of frost instead of Gew. Since a cloud containing
liqulid water drons ig asgsumed gaturated with respect to liquid
water in calculating the free~water from the dew-point data,
the dew point rather than the frost point wmust be used. The
dew-point meter readings were therefore corrected by sub-
tracting the difference bebtween the saturation temmeratures
with respect to ice and water. This flight was conducted
after snow had begun to fall from the cloud layer. In order
to interpret the dat then, consideration muet be given to
the effect of snow on the liquid water concentration in the
clouds and on the sc¢curacy of the measurements.

The Effect of Snow on the Measurement of Ligquid Water

Since the dew-point meter measuree the dew point of a
gample of air into which all the free water has been
evaporated, the free-water content values obtained in this
way represent the total of snow and liquid water unless a
correction is made. This wase done by assuming that all the
free water measured at the altitude of the cloud base was
in the form of snow and that no snow was present at the cloud
top. A straight line was drawn between these two points to
represent what the dew noint would have been 17 no gnow had
been precent. Thie dew-point curve was used in calculating
the liguid water concentration.

The Effect of Snow on the Lidquid Water Content

It ie not known at present whether snowflakes are formed
as a result of the freezing of water drops or by demosition
“of vapor on separate nuclel but in either cage it is likely
that they form with ecomewhat greater frequency in the upper
portiong of the cloud where the temperature is lower.

)
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Wherever they form, they grow rapidly, due to the vapor pressure
Cifference between ice and water, and fall through the cloud
as they growe -This resultg in a2 higher concentration of snow-
flakes and more rapid depletion of liquid water in the lower
layers of the cloud, which regults in raising the cloud base.
During the early stages of this procegs, the liquid water
concentration near the top of the cloud where there has been
1ittle denletion may be consgideradbly greater than would be
expected from figure 1, eince the cloud base no longer
represente the mixing condensation level. Thig flight is an
example of such 2 situation. The liquid water concentration
1s only 0.51 zram per cubic meter as indicated by figure 1,
while the measured vaolus is 0.73.

The drop sizes obeerved on this flight also are consistent
with the idea of a uniform number of drops with a nonuniform—
gize disetribution in the lower layers.

Snow had been falling for geveral hours wnrevious to flight
130 (fig. 3(d)) and 211 the 1liquid water had turned %o snow
except for a thin layer in the top of the cloud. The clouds
broke up soon after the flight. The liquid water and drop-—
slze data show thet the laet remnants of liquid water in a
cloud which turns to snow are in the topmoet layer. '

Since noncyclonic stratue clouds are formed within the
gurface turbulence layer, the thickness of this layer sets an
upper limit to the thicknese of the cloud layer. The highest
stratus top encountered was at an altitude of 5300 feet which
was about U500 feet above the ground. It is believed that this
le about the upper limit of the height of the tops of clouds
of this type. The maximum thickness obeerved was 2400 feet.
There is much observational evidence tc support the view that
very low basges are seldom encountered in stratus when. the- tops
are relatively high. It seems reascnable then to assume a
cage with a ton 500 feet skove the ground snd a layer 3000
feet thick as representing a goold apvroximetion to the most
unfavorable condition likely to be met. Figure L shows the
relation between liquid water concentration and temperature
at the top of a 3000-foot layer. This shows a waber content
0Ff 1.5 gramg per cubic meter at ZEOF, which 1g the highest
that ig 1likely %o occur at freezing temperatures. It should
be noted that the formation of egnow-is much more likely at
temneratures below 15° F, making the existence of thick water
clouds legs likely at these temperatures.
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CONCLUDING REMARKS

. Observatione made in noncyclonic winter stratus clouds
indicate that 1f snow is not falling, the liquid water concen-
tration can be approximately determined from the temperature
of the base and the thickness of the layer by assuming molist-
adiabeatic lapse rate and constant total water content within
the cloud.

The observations of drop size are not inconsistent with
the theory that the number of drops per unit volume ls constant
throughout the layer and the size distribution is more uniform
in the top than near the base. .

The effect of enowfall ie a progresrcive depletion of
liquid water starting at the cloud basge and continulng until
only a thin layer of liquid water remsins in the top of the
cloud.

Calculations based on reasonable assumptions concerning
maximum cloud thicknegs show that the liquld water concen-
tration in nofcyeclonic stratus clouds is not likely to exceed
1.5 grams per cubic meter at temperatures below freezing.

Ames Aeronautical Laboratory,
National Advisory Committee for Acronautics,
Moffett Field, Calif., June 1947,
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